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RELAXATION OSCILLATOR OF REDUCED 
COMPLEXITY USING CMOS EQUIVALENT 

OF A FOUR-LAYER DIODE 

The present invention relates to relaxation oscillators, 
and more particularly, to a complementary metal oxide 
silicon (CMOS) integrated circuit for implementing a 
current-controlled oscillator of reduced complexity. One 
application of such a current-controlled oscillator is in the 
conversion of audio signals detected by a microphone to 
frequency modulated signals for transmission via radio 
frequency transmitter. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

A relaxation oscillator is one in which one or more 
voltages or currents change suddenly at least once during 
each cycle. The oscillator circuit is arranged so that during 
each cycle, energy is stored in and then discharged from a 
reactive element such as a capacitor or an inductor. The 
charging and discharging processes occupy ditferent time 
intervals. Such a relaxation oscillator has an asymmetrical 
output waveform rather than a sinusoidal waveform, e.g., a 
sawtooth type waveform. Common types of relaxation oscil 
lators include multi-vibrator and uni-junction transistor 
oscillators. 

One of the oldest relaxation oscillators uses a neon tube 
as VS of neon tube 16, the neon tube 16 abruptly begins to 
conduct. and in shown in FIG. 1. Current from a supply 10 
?ows through resistor 14 to charge capacitor 18. When 
capacitor 18 reaches a striking voltage the process, dis 
charges the capacitor 18. When the capacitor discharges 
through the holding voltage Vh of the neon tube 16, the neon 
tube 16 ceases to conduct. As a result, capacitor 18 resumes 
charging. The overall result is the sawtooth type waveform 
which oscillates between V, and Vh. 
A bipolar junction transistors-based relaxation oscillator 

may be constructed using bipolar junction transistors rather 
than a neon tube. An PNP bipolar junction transistor 20 may 
be connected “back-to-back” with an NPN bipolar junction 
transistor 22. More speci?cally, the base of transistor 20 is 
connected to the collector of transistor 22, and the base of 
transistor 22 is connected to the collector of transistor 20. 
Preferably. the collector-to-base junction of one of these 
transistors 20 and 22 has a well-de?ned reversed breakdown 
voltage such as is exhibited by a Zener diode. Below the 
Zener breakdown voltage, the collector-base junction is 
reverse-biased and therefore does not conduct. Above the 
Zener breakdown voltage, the junction is forward-biased 
and supports relatively high currents. The Zener diode alone, 
however, cannot produce a relaxation oscillation because it 
does not exhibit hysteresis. 

Nonetheless, the circuit of FIG. 2 does exhibit some 
hysteresis. The voltage across the collector-base junction of 
the PNP transistor may be represented by an intrinsic Zener 
diode 24. When that collector-base junction voltage is less 
than a forward bias voltage, transistor 20 is basically non 
conducting exhibiting only a small leakage current from the 
collector of PNP transistor 20 to the base of NPN transistor 
22. Similarly, NPN transistor 22 passes only a small collec 
tor leakage current to the base of PNP transistor 20. At low 
currents. the gain of transistors 20 and 22 is less than unity 
so that the leakage currents are not magni?ed. Essentially, 
the transistors can be viewed as a very high impedance, e.g., 
essentially nonconducting. As the voltage V across the 
transistors increases as capacitor 18 charges from voltage 
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2 
supply 12 through resistor 14, the leakage currents increase 
quite sharply when the Zener or breakdown voltage is 
reached. At such higher currents, transistor gain is larger 
than unity. Consequently, the collector current of transistor 
22 ?owing into the base of transistor 20 is ampli?ed thereby 
increasing the drive of transistor 20 resulting in a collector 
current larger than that of transistor 22. This larger collector 
current ?ows into the base of transistor 22 and is also 
ampli?ed ultimately driving transistor 22 harder. Those 
increasing currents essentially “snowball” so that a rela 
tively high current ?ows through the transistors to rapidly 
discharge capacitor 12. This current is initiated by the onset 
of Zener breakdown and is maintained during discharge by 
the current ampli?cation which together produce large hys 
teresis. 

When capacitor 12 is su?iciently discharged, (i.e., the 
value of V has decreased), to a point where the current ?ow 
through transistors 20 and 22 returns to the level where their 
respective gains are less than unity, the snowball eifect 
ceases. The transistors return to the almost nonconducting, 
low leakage current state allowing capacitor 18 to recharge. 
The cycle of charge, discharge. and recharge generates an 
oscillating voltage output V. 

FIG. 3 shows how a PNP bipolar junction transistor and 
an NPN bipolar junction transistor can be merged when the 
collector of each transistor is connected to the base of the 
other transistor to form a four-layer PNPN diode. Such four 
layer structures are often accidentally formed when making 
CMOS integrated circuits and are considered undesirable 
because they result in the so-called “substrate latch-up” 
problem. As a result, steps are usually taken in CMOS 
production processes to avoid the formation of accidental 
four layer diodes. Another signi?cant problem associated 
with such four layer devices is the di?iculty of controlling 
their characteristics. In other words, the breakdown voltage 
at which the four-layer diode conducts depends very much 
on independent hard-to-control variables such as tempera 
ture and doping content of the semiconductor material which 
are hard to produce consistently. Therefore, it is di?icult to 
predict and control the output characteristics of an oscillator 
formed using this type of PNPN diode structure. 

It is therefore an object of the present invention to provide 
an equivalent of a four-layer PNPN diode device which can 
be readily controlled in a CMOS type con?guration. In 
particular, it is an object of the present invention to construct 
such a device to function as a simple, current-controlled 
oscillator. 
The present invention provides an electric oscillator of 

reduced complexity which is also suitable for construction 
on a silicon integrated circuit. A P-channel ?eld effect 
transistor (FET) operated in an enhancement mode includes 
source, drain, and gate electrodes. An N-channel ?eld eifect 
transistor (FET) operated in an enhancement mode is con 
nected to the P-channel ?eld effect transistor in complemen 
tary fashion in a complementary metal oxide silicon 
(CMOS) circuit. More speci?cally, the drain electrode of the 
P-channel FET is connected to the gate electrode of the 
N-channel FEI‘, and the drain electrode of the N-channel 
FET is connected to the gate electrode of the P-channel FET. 
A ?rst capacitor is connected across the P-channel and 
N -channel FETs such that the capacitor is repetitively 
charged and discharged through the CMOS circuit in 
response to a current generated by a current source. 

The current generated by the current source charges the 
capacitor up to a striking voltage at which the P-channel and 
N-channel FETs conduct current to discharge the capacitor 
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down to a holding voltage at which the P-channel and 
N-channel FET cease conducting current. In essence, the 
current generated by the current source controls the fre 
quency of the output signal generated by the oscillator. 

Aresistor is connected between the drain electrodes of the 
P-channel and N-channel FEI‘s. A second capacitor is con 
nected between the drain electrodes of the P-channel and 
N-channel FETs in shunt across the resistor. The resistor 
provides a voltage drop across the gate and drain electrodes 
of both FETs such that threshold voltage is su?icient to 
cause the complementary FETs to conduct when the capaci 
tor is charged to the striking voltage. Conversely, the resistor 
ensures that the voltages applied to the gate of both tran 
sistors are less than their respective threshold turn-on volt 
ages when the oscillator output voltage reaches its holding 
value. The shunt capacitor maintains a smooth transition 
between conduction and non-conduction for the FETs. 

The current-controlled relaxation oscillator in accordance 
with the present invention includes a complementary metal 
oxide silicon (CMOS) circuit equivalent in function to a 
four-layer junction diode having three P-N junctions. The 
CMOS circuit is connected to positive and negative termi 
nals of a voltage supply and to the storage capacitor. The 
current source is connected to the negative terminal of the 
voltage supply and to ground. The current generated by the 
current source charges and discharges the capacitor to con 
trol frequency that depends on the current source current 
such that the voltage output of the oscillator oscillates 
between a striking voltage at the control frequency. As a 
result. the present invention provides an easily manufactured 
and controlled four-layer junction diode suitable for low 
cost. real world applications. 
One application of the present invention is to radio 

communications. The radio includes a microphone for 
detecting an acoustic signal, a reduced complexity current 
controlled oscillator connected to the microphone for gen 
erating an oscillator output signal representing the acoustic 
signal. and a radio transmitter for transmitting over an 
antenna of radio output signal based on the oscillator output 
signal. A digital frequency modulation discriminator may be 
connected to the oscillator for generating a sample of digital 
representation of an instantaneous frequency of the oscilla 
tor output signal, thus providing a simple technique for 
digitizing an audio signal. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a relaxation oscillator circuit using a neon tube; 

FIG. 2 is a relaxation oscillator circuit using back-to-back 
connected bipolar junction transistors; 

FIG. 3 illustrates how a PNP and an NPN junction 
transistor can merge in semiconductor fabrication to form a 
four-layer PNPN diode; 

FIG. 4 is an example of a relaxation type oscillator circuit 
using CMOS ?eld e?ect transistors operated in enhancement 
mode in accordance with the present invention; 

FIG. 5 is a graph illustrating a strildng voltage and a 
holding voltage between which the output signal of the 
relaxation oscillator circuit shown in FIG. 4 oscillates; 

FIG. 6 is a diagram of a radio transmitter employing at the 
circuit illustrated in FIG. 4 as one example application of the 
present invention; and 

FIG. 7 is an alternate example of a relaxation type 
oscillator circuit using CMOS ?eld e?tect transistors oper 
ated in enhancement mode in accordance with the present 
invention. 
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4 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the following description, for purposes of explanation 
and not limitation, speci?c details are set forth. such as 
particular circuits, circuit components, etc. in order to pro 
vide a thorough understanding of the present invention. 
However, it will be apparent to one skilled in the art that the 
present invention may be practiced in other embodiments 
and in other ways that depart from these speci?c, illustrative 
details. In other instances, detailed descriptions of well 
known methods, devices, and circuits are omitted so as not 
to obscure the description of the present invention with 
unnecessary detail. Although the present invention is 
described with reference to relaxation oscillator circuitry. it 
should be understood that the present invention is not 
limited to this particular application. 

FIG. 4_ shows an oscillator circuit 10 which employs a 
CMOS equivalent of a four-layer diode indicated by func 
tion block 25 in accordance with the present invention. A 
voltage (V CC) supply 12 is connected to a capacitor 18 and 
to the CMOS four-layer diode 25 through a current source 
36 at node 34 to ground. The voltage V at node 34 depends 
on the state of the CMOS four-layer diode. 
The CMOS four-layer diode equivalent circuitry in func 

tion block 25 includes a P-type, enhancement mode, ?eld 
effect transistor (FET) 26 connected to an N-type, enhance 
ment mode, ?eld effect transistor (FET) 28. The source of 
transistor 26 is connected to one terminal of capacitor 18 to 
voltage supply 12. The drain of transistor 26 is connected to 
the gate of transistor 28, and the gate of transistor 26 is 
connected to the drain of transistor 28. The source of 
transistor 28 is connected to node 34 as is the other terminal 
of capacitor 18. A resistor 30 is connected between the 
gates/drains of transistors 26 and 2.8 and de?nes node 
voltages V1 and V2. An optional capacitor 26 may also be 
connected across the gates/drains of transistors 26 and 28 in 
parallel with resistor 30. Resistor 30 is the mechanism by 
which CMOS circuit 25 provides oscillatory conduction 
through circuit 25. In functional terms, the voltage drop 
across resistor 30 provides node voltages V1 and V2 whose 
values determine whether the FETs 26 and 28 conduct or do 
not conduct. More speci?cally, resistor 30 ensures that FETs 
26 and 28 either both conduct or both do not conduct. 

The value of resistor 30 “R” is chosen in relation to the 
maximum value of the current I from current source 36 so 
that the voltage drop 1R, when both transistors are assumed 
fully conducting, does not provide su?icient gate-drain bias 
to maintain both transistors 26 and 28 in a conducting state. 
Thus. the circuit does not exhibit a static stable state with the 
current I ?owing through transistors 26 and 28 and resistor 
30. On the other hand, the circuit can exhibit a transient state 
in which a current greater than I ?ows through transistors 26 
and 28 and resistor 30, the extra current being drawn 
temporarily from capacitor 18, thus discharging it. This 
higher current causes an IR drop across resistor 30 which 
biases transistors 26 and 28 sufficiently to maintain 
conduction, at least until capacitor 18 is discharged and can 
then supply no more extra current. At that point, the current 
can be no more than supplied by the current source 36, 
which, by appropriate choice of R as explained above, 
cannot maintain conduction. Thus, transistor 26 and 28 
cease to conduct, and the current source current I must now 
?ow to capacitor 18, commencing a recharge cycle. 
When capacitor 18 recharges so that (Va-V), i.e., the 

voltage across the transistor pair is greater than the sum of 
their gate threshold voltages, the transistors conduct and the 



5,654,677 
5 

discharge cycle repeats. The repetition frequency of the 
charge-discharge cycle is determined by the current source 
current magnitude, the capacitor 18 value, and the threshold 
voltages of transistors 26 and 28. The two-terminal circuit 
25 comprised of components 26, 28, and 30 exhibits a 
“striking voltage” at which conduction abruptly increases, 
and a “holding current” below which conduction abruptly 
decreases. thus emulating the characteristics of a 4-layer 
diode. Further detailed description of the circuit operation is 
provided below. 
As long as there is no current ?owing through resistor 30, 

the gates/drains of transistors 26 and 28 are at the same 
potential. i.e.. V1=V2. If the gate-to-source voltages of the 
FET transistors 26 and 28 are below their respective thresh 
old voltages, the FET transistors pass only a very small 
leakage current. To distinguish between the threshold volt 
ages of the P-type and N-type devices, the threshold voltage 
of the P-type FET 26 is denoted by VP, and the threshold of 
the N-type PEP 28 is denoted by V”. As long as the voltage 
across the source-to-gate junction of the P-type PET is less 
than its threshold voltage VP, transistor 26 will not conduct. 
Similarly. so long as the voltage across the gate to source 
junction of the N-type FBI‘ is less than its threshold voltage 
V", the transistor 28 will not conduct. 

Described mathematically, if 

transistor 26 does not conduct. As long as 

transistor 28 will not conduct. Since current is substantially 
zero when the transistors are not conducting, V1=V2. As a 
result, these equations (1) and (2) can be combined to 
generate the inequality which de?nes the condition for 
non-conduction for circuit 25. However, if 

both transistors 26 and 28 conduct, and current ?ows 
through the drain of transistor 26, resistor 30, and the drain 
of transistor 28 to its source. When VCC—V>VP+V,,, the 
voltages V1 and V2 cannot ?nd a settling point that satis?es 
either of the inequalities VCC—V2<V,, or V1—V<V,,. Rather, 
these node voltages V1 and V2 settle only at a point where 
both VCC—V2>VP and V1-V>V,, are true, thus permitting 
current to ?ow freely through CMOS circuit 25. 
The voltage across resistor 30 resulting from the current 

?ow through the transistors 26 and 28 increases voltage V1 
thereby increasing the di?ierence V1—V, which has the effect 
of applying a larger gate voltage to transistor 28 for greater 
current conduction through transistor 28. More current 
through resistor 30 drops a larger voltage across resistor 30 
thereby reducing the node voltage V2. A smaller V2 
increases the voltage difference Vac-V2 applied to the gate 
of transistor 26 causing transistor 26 to conduct more freely. 
The result is a “snowball effect.” As transistors 26 and 28 
conduct more freely, greater current ?ows through resistor 
30 which causes even greater current ?ow through the 
transistors. In the ideal situation, the node voltage V1 
becomes equal to V“, and node voltage V2 becomes equal 
to V with the transistor current ?owing through resistor 30 
being (VCc—V)/R30. By choosing the value of resistor 30 so 
that the current through the transistors is greater than the 
current I generated by the current source 36, capacitor 18 is 
discharged. 
When the voltage across the two transistors 26 and 28 

(Vac-V) decreases to less than Vp or less than V", one of the 
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6 
transistors 26 or 28 ceases to conduct because its gate-to 
source voltage is then less than the threshold voltage nec 
essary for conduction. Accordingly, current ?ow through 
resistor 30 decreases causing voltage V1 to reduce and V2 to 
increase, which further reduces the gate-to-source voltages 
of transistors 26 and 28. The net result is that the two 
transistors abruptly cease conducting which allows the 
capacitor 18 to resume being charged by control current I 
from current source 36. 
As shown in FIG. 5, the voltage V exhibits a relaxation 

oscillation between a striking voltage (VCC—2VT) where 2VT 
is the sum of the p-type and n-type threshold voltages, and 
a quenching voltage (V CC—VT) where VT is either the p-type 
or n-type threshold. This provides the hysteresis needed for 
oscillation. The ?equency of oscillation is controlled by the 
speed at which the control current I recharges the capacitor 
18. In essence, changing the control current modulates the 
frequency of oscillation such that the output of the oscillator 
circuit is a frequency modulated signal at node 34. The 
greater the control current I from current source 36, the 
faster the capacitor 18 recharges, and therefore, the higher 
the frequency of the oscillator output. Alternatively, a lower 
value of I means that the capacitor charges more slowly, and 
the oscillator output signal has a lower frequency. Such 
current control of the oscillator makes for a simple but 
e?’ective frequency modulator. 

In addition to the above described advantages of the 
relaxation oscillator in accordance with the present 
invention, the silicon area needed for the oscillator is very 
small. Moreover, the oscillator needs only one timing 
capacitor and may also operate at very low currents, e.g., 
100 uA. 
An optional capacitor 32 is preferably included to assist in 

maintaining a smooth transition from non-conducting to 
conducting states of circuit 25; otherwise, that transition 
would be determined by noise. Speci?cally, if transistor 26 
suddenly tries to begin conducting as a result of noise, 
voltage V1 is increased towards Vac and capacitor 32 
ensures that the gate of transistor 26 also moves instanta 
neously in the same direction thereby counteracting the 
tendency of transistor 26 to conduct. In similar fashion, 
capacitor 32 also prevents premature conduction of transis 
tor 28. In essence then, capacitor 32 functions as a negative 
feedback for instantaneous changes caused by independent 
noise in each transistor, and ensures that conduction occurs 
(as a result of the transistor threshold voltages being 
exceeded) for more than an instant. 

FIG. 6 shows one example application of the oscillator 10 
shown in FIG. 4. FIG. 6 illustrates the transmit portion of a 
radio 40. The current control source is an active microphone 
36‘ which includes a piezo-electric microphone transducer 
41 connected to an open drain FEI‘ pre-ampli?er 44. A large 
resistor 42 ensures a large input impedance for pre-ampli?er 
44. The active microphone 36' is connected to oscillator 10 
with the output of the oscillator 10 being fed to a digital FM 
discriminator circuit 46 which produces a sampled, digital 
representation of the oscillator’s instantaneous frequency, 
and therefore a digital representation of the microphone 
signal. An AFC feedback may also be provided from the 
discriminator to maintain the mean oscillator frequency in a 
desired range. The digital output can then be sent to a 
conventional digital radio transmitter 48 such as a digital 
radio, (e.g., a digital cellular phone), for transmission via 
antenna 50. 
The circuit of FIG. 4 is illustrated with current source 36 

connected between the source of FEI‘ 28 and the voltage 
supply negative (ground). It could also be constructed with 
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the current source 36 between FET 26 source and the supply 
positive terminal (V6), in which case capacitor 18 and FET 
28 source would be connected to ground as shown in FIG. 
7. The con?guration of FIG. 7 may be preferable when the 
CMOS process is better able to fabricate capacitors with one 
tenninal grounded, and the con?guration of FIG. 4 may be 
used when one capacitor terminal is preferably connected to 
V“. The present invention is thus adapted for e?icient and 
?exible fabrication in different CMOS processes. 

Another advantage of the invention is that the oscillator 
can operate at low frequencies using very little power simply 
by reducing the current source I (I being the mean current 
consumption) to as low as desired. Low-current, low 
frequency oscillators are useful in many applications such as 
to de?ne the standby cycles in radio telephones and pagers 
to extend battery life. The oscillator drives a counterchain 
programmed to power up the radio telephone or pager 
receive circuitry, including a more accurate crystal oscillator 
when a terminal count is reached. During the power-on 
period. the oscillator’s frequency in the present invention 
may be accurately measured using the more accurate crystal 
oscillator as a reference, and the terminal count adjusted to 
provide a given delay for the next power-up period. In this 
way, production tolerances or other uncertainties in the 
frequency of the fully-integrated oscillator may be “self 
calibrated.” 
While the invention has been described in connection 

with what is presently considered to be the most practical 
and preferred embodiment, it is to be understood that the 
invention is not to be limited to the disclosed embodiment. 
but on the contrary, is intended to cover various modi?ca 
tions and equivalent arrangements included within the spirit 
and scope of the appended claims. 
What is claimed is: 
1. An electrical oscillator, comprising: 
an P-channel ?eld effect transistor (FET) operating in an 

enhancement mode including source, drain, and gate 
electrodes; 

an N-channel ?eld elTect transistor (FE'I‘) operating in 
enhancement mode including source, drain, and gate 
electrodes. wherein the drain electrode of the P-channel 
FET is connected to the gate electrode of the N-channel 
FBI‘ and the drain electrode of the N-channel PET is 
connected to the gate electrode of the P-channel FET; 

an impedance connected between the drain electrodes of 
the P-channel and N-channel FETs; 

a ?rst capacitor connected between the source electrodes 
of the P-channel and N-channel FET s; and 

a current source connected to charge the capacitor. 
2. The oscillator of claim 1, wherein current generated by 

the current source charges the capacitor up to a striking 
voltage at which the P-channel and N -channel FETs conduct 
current through the impedance to discharge the capacitor 
down to a holding voltage at which the P-channel and 
N-channel FETs cease conducting current. 

3. The oscillator of claim 1, wherein current generated by 
the current source controls a frequency of an output signal 
generated by the oscillator. 

4. The oscillator of claim 1, wherein the oscillator is 
constructed on a silicon integrated circuit. 

5. The oscillator of claim 1, wherein the impedance 
includes a resistor connected in shunt with a second capaci 
tor between the drain electrodes of the P-channel and 
N-channel FEl‘s. 

6. The oscillator of claim 1, further comprising: 
a voltage supply connected at one terminal with the ?rst 

capacitor and the N-channel and P-channel FETs con 
nected in series with the current source to ground and 
at another terminal to ground. 

8 
7. The oscillator in claim 1, wherein the current source 

corresponds to an acoustic signal detected by a microphone 
and the oscillator output signal is modulated in frequency in 
accordance with the detected acoustic signal. 

8. A radio for conducting communications over a radio 
channel, comprising: 

a microphone for detecting an acoustic signal and gener 
ating a corresponding electrical current; 

a current-controlled oscillator of reduced complexity 
responsive to the electrical current for generating an 
oscillator output signal representing the acoustic signal; 
and 

a transmitter for transmitting over an antenna a radio 
output signal based on the oscillator output signal, 

wherein the oscillator includes: 
a complementary metal oxide silicon (CMOS) circuit with 

a P-channel ?eld effect transistor (FET) operating in an 
enhancement mode connected to an N-channel ?eld 
eifect transistor (FET) operating in enhancement mode 
so that the drain electrode of the P-channel FET is 
connected to a gate of the N-channel FET and a drain 
of the N-channel FET is connected to a gate of the 
P-channel FET, and 

a ?rst capacitor connecting the P-channel and N-channel 
FETs such that the oscillator is repetitively charged and 
discharged through the CMOS circuit in response to the 
detected acoustic signal. 

9. The radio in claim 8, further comprising: 
a digital frequency modulation discriminator connected to 

the oscillator for generating a sampled digital repre 
sentation of an instantaneous frequency of the oscillator 
output signal and thereby a sampled digital represen 
tation of the acoustic signal. 

10. The radio in claim 8, further comprising: 
a resistor connected between the drain electrodes of the 

P~channel and N-channel FETs. 
11. The radio in claim 10, further comprising: 
a second capacitor connected between the drains of the 

P-channel and N-channel FETs in shunt across the 
resistor. 

12. A current-controlled, relaxation oscillator, compris 
mg: 

a voltage supply having positive and negative terminals; 
a complementary metal-oxide-silicon (CMOS) circuit 

having a pair of terminals and a shunt capacitor across 
said terminals; and 

a current source having a pair of terminals through which 
a controlled current may ?ow; 

wherein the voltage supply, CMOS circuit, and current 
source are connected in series in a loop such that 
current flow through the current source charges and 
discharges the shunt capacitor at controlled intervals 
that depend on the controlled current source current 
such that a Voltage output of the oscillator oscillates 
between a striking voltage and a quenching voltage at 
a controlled frequency. 

13. The relaxation oscillator of claim 12, wherein striking 
and holding oscillator voltages are determined by threshold 
voltage conditions for required for complementary MOS 

60 transistors included in the CMOS circuit to conduct. 
14. The relaxation oscillator of claim 12, wherein the 

CMOS circuit includes: 
a P-channel ?eld effect transistor (FEI‘) operating in an 

enhancement mode including source, drain, and gate 
electrodes; 

an N-channel ?eld effect transistor (FET) operating in 
enhancement mode including source, drain, and gate 
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electrodes, wherein the drain electrode of the P-channel a resistor connected between the drain electrodes of the 
PET is connected to the gate electrode of the N-channel P-channel and N-channel FEI‘s for controlling current 
FEI‘ and the drain electrode of the N-channel FBI‘ is ?ow through the P-channel and N-channel FETs. 
connected to the gate electrode of the P-channel PET; 
and =1: * * * * 


